Bodyweight, nutritional status and reproductive function
The concentrations of leptin in plasma have been shown to be a direct reflection of the amount of body fat (Dagago-Jack et al., 1996; McGregor et al., 1996) , and reproductive function is substantially affected by bodyweight and nutritional status (Martin et al., 1994; Yen, in press ). Gonadotrophin secretion is reduced in animals and humans that are nutritionally restricted (Cameron and Nobisch, 1991; Loucks and Heath, 1994; Foster et al., 1995) , and gonadal function is compromised. However, ovarian and testicular function can be enhanced in sheep by the feeding of high protein supplements (Martin et al., 1994; Pomares et al., 1995) . Nevertheless, the relationship between bodyweight and reproductive function is not straightforward. One well cited study is that of the Kung San (Bushmen) of Africa in whom there is a seasonal cycle of fertility that relates to the availability of food (Van der Walt et al., 1978) . This may not be an example of a simple function between nutrition and reproduction because, at the time when the women of this population are anovulatory, they not only have nutritional restriction but also are subjected to strenuous physical exercise while seeking food. Furthermore, there are situations in which reduced function of the reproductive axis under chronic undernutrition can eventually be resolved. In one example, we (Barker-Gibb and Clarke, 1996) have shown that the plasma LH and FSH concentrations in fat and thin sheep were not significantly different after maintenance on either ad libitum or restricted diets for 16 months. Furthermore, studies of women on the Indian sub-continent have shown that fertility is reduced in cases of chronic undernutrition, but that the women eventually become fertile without any improvement in their diet (Shetty, 1946) . This is a salient issue because it points to the likelihood that long-term maintenance of significant differences in bodyfat (and, presumably, plasma leptin concentrations) will not always indicate different fertility rates. Studies on the hypothalamo-pituitary axis have not identified any single blood-borne component that could act as a metabolic indicator of the reproductive axis at this level (Schreihofer et al., 1996) . The concentrations of sugar in the blood need to be maintained within physiological limits if GnRH secretion is to be normal (Clarke et al., 1990) , but this cannot be regarded as a specific metabolic signal because reduced blood glucose concentrations will cause generalized gluconeuropaenia. It is possible that leptin provides an appropriate signal of metabolic status to the reproductive system, causing altered function with altered bodyweight (fatness) or nutritional status. However, there is no convincing evidence that leptin signals are an acute regulator In the few years since leptin was identified as a satiety factor in rodents, it has been implicated in the regulation of various physiological processes. Leptin has been shown to promote sexual maturation in rodent species and a role in reproduction has been investigated at various sites within the hypothalamo-pituitary-gonadal axis. This review considers the evidence that leptin (or alteration in amount of body fat) can affect reproduction. There is evidence that leptin plays a permissive role in the onset of puberty, probably through action on the hypothalamus, where leptin receptors are found in cells that express appetite-regulating peptides. There is little evidence that leptin has a positive effect on the pituitary gonadotrophs and the gonads. There is also very little indication that leptin acts in an acute manner to regulate reproduction in the short term. It seems more likely that leptin is a 'barometer' of body condition that sends signals to the brain. Studies in vitro have shown negative effects on ovarian steroid production and there are no reports of effects on testicular function. Leptin concentrations in plasma increase in women during pregnancy, owing to production by the placenta but the functional significance of this is unknown. A number of factors that affect the production and action of leptin have yet to be studied in detail.
of reproductive hormone secretion. In addition, the debate continues as to whether leptin is a primary stimulus of the reproductive axis or acts as a permissive factor (especially with respect to puberty).
Effects of leptin on the hypothalamus and pituitary gland
The leptin receptor has various splice variants, with the 'long form' being functional in terms of intracellular signalling (Lee et al., 1996) and the 'short form' possibly important for transport within the choroid plexus (Lee et al., 1996; Malik and Young, 1996) . In the hypothalamus, the long form of the receptor is found in the arcuate nucleus and has been localized to neurones containing neuropeptide Y (NPY) (Mercer et al., 1996) and pro-opiomelanocortin (POMC) (Cheung et al., 1997a) . It is also found in other parts of the hypothalamus in defined cell types (Mercer et al., 1996; Dyer et al., 1997; Hakansson et al., 1998) and in the 'visceral nuclei' of the brainstem (Goldstone et al., 1997) , so action is not confined to the arcuate nucleus. The exact percentage of each cell type that contains the leptin receptor has not been ascertained and it is unclear with which parts of the brain these leptin receptor-containing cells communicate. Cells from the arcuate nucleus project to a number of brain regions, including the lateral hypothalamic nuclei, the paraventricular nucleus and the pre-optic area. Therefore, cells of the arcuate nucleus may regulate the function of cells in the appetite regulating areas (for example, the ventromedial hypothalamus), stress centres (for example, the paraventricular nucleus) and areas important for reproduction (for example, the pre-optic area). With respect to reproduction, the question of whether leptin has a direct effect on GnRH-containing cells of the brain is important. In most species, most GnRH cell bodies are found in the preoptic area, but also extend rostrally into the diagonal band of Broca, ventrally into the organum vasculosum of the lamina terminalis and caudally into the medial septum. A smaller number of cells is found in the mediobasal hypothalamus of most species, with the notable exception of primates. Zamorano et al. (1997) have reported that mRNA encoding the leptin receptor may be found in immortalized GnRH cells by reverse transcription-polymerase chain reaction (RT-PCR) analysis but it is not known whether the receptor is expressed in normal GnRH cells. Leptin can influence the secretion of GnRH from the immortalized cells provided they are first transfected with the long form of the leptin receptor (S. Moenter, personal communication).
The lateral hypothalamus and the 'visceral nuclei' of the rostral brain stem are brain areas important for the regulation of appetite and food intake (Morley, 1987) . Within these regions, large numbers of hypothalamic peptides and neurotransmitters are involved in the regulation of appetite, and the integration of these various factors is obviously complex (for review, see Morley, 1987) . The possible means by which leptin acts to regulate appetite as well as its neuroendocrine function are indicated (Fig. 2) . Many of the peptides and neurotransmitters implicated in the regulation of appetite and food intake are also known to influence the secretion of GnRH (for review, see Morley, 1987; Kalra, 1993) and there may well be common mechanisms that subserve both functions. A good example of commonality is found in the case of NPY. This peptide is the most potent orexigenic peptide known, and its expression in the arcuate nucleus is reduced by leptin (Ahima et al., 1996) , consistent with the role of leptin as a satiety factor. NPY cells contain oestrogen receptors and project to GnRH cell bodies (Kalra, 1993) . NPY also inhibits the secretion of LH when an intracerebroventricular (i.c.v.) infusion is given to gonadectomized rats (Kalra, 1993) and sheep (Barker-Gibb et al., 1995) . A stimulatory effect of NPY is seen in steroid-primed ovariectomized rats and there is increased secretion of NPY into the hypophysial portal blood at the time of the preovulatory LH surge (for review, see Kalra, 1993 ). An i.c.v. infusion of NPY antiserum blocks the preovulatory LH surge in sheep (Porter et al., 1993) . In the broadest sense, a role for NPY can be invoked in the generation of the preovulatory surge, and a deficit or reduction of this peptide would compromise the event. If leptin plays a permissive or stimulatory role in the regulation of GnRH secretion, the reduction of NPY expression by leptin is not consistent with this. However, it is possible that leptin regulates the secretion of GnRH through a number of other neuronal systems, such as melanin-concentrating hormone (MCH) (Gonzalez et al., 1997) and POMC (Sahu, 1998 and Thornton et al., 1997) . POMC produces the endogenous opioid, β-endorphin which is a negative regulator of GnRH secretion (Kalra, 1993) . However, opioids stimulate appetite (Morley, 1987) . If leptin inhibits the expression of POMC, this would be consistent with effects that stimulate the reproductive axis while inhibiting appetite. Various peptides regulating appetite localize to the lateral hypothalamus and may also regulate GnRH secretion. A good example is MCH, which is found in this region (Bittencourt et al., 1992) . MCH was originally shown to inhibit food intake (Presse et al., 1996) but was later found to stimulate appetite (Qu et al., 1996; Rossi et al., 1997) . There is a greater amount of mRNA encoding MCH in the lateral hypothalamus of ob/ob animals (Qu et al., 1996) . With regard to a role in reproduction, Gonzalez et al. (1997) presented evidence that MCH stimulates GnRH secretion after central administration to rats. Yu et al. (1997) reported an effect of leptin on the secretion of GnRH from arcuate nucleus-median eminence fragments in vitro. A very small (< 20%) stimulatory effect of leptin was seen with lower doses (10 -12 -10 -10 mol l -1 ), whereas higher doses had no effect. With i.c.v. injection of leptin at one dose (10 µg), a stimulatory effect on the 'maximum increase in plasma LH during the first hour' was seen in ovariectomized female rats treated with 10 µg oestrogen 72 h earlier. Whether these animals were in a state of negative or of positive feedback is not clear and there did not appear to be any consideration of diurnal effects on LH secretion in this model. The reduction in pulsatile LH secretion that occurs with fasting in ovariectomized rats can be overcome by treatment with leptin (Nagatani et al., in press), suggesting that leptin may convey information to centres within the brain that regulate GnRH secretion. Furthermore, these authors showed that the leptin effect could be obtained whether or not the animals were treated with oestrogen, suggesting that leptin does not necessarily modulate the feedback effect of this gonadal steroid. Carro et al. (1997) have shown that i.c.v. infusion of leptin antiserum decreases LH pulsatility in female rats and suppresses ovarian cyclic activity. Taken together, these data suggest that leptin plays a role in the regulation of GnRH-LH secretion in rats.
In normally fed ovariectomized ewes, a 3 day i.c.v. infusion of leptin had no effect on the secretion of gonadotrophins, prolactin, GH or cortisol, despite a highly significant reduction in food intake that drove the animals into negative energy balance (Henry et al., 1998) . These data suggest that the effects of high doses of leptin on the centres in the brain that regulate appetite need not necessarily result in effects on the secretion of hypophysiotrophic hormones. Further work needs to be done in non-rodent species before a generalized role for leptin in the regulation of reproduction can be invoked.
The long form of the leptin receptor is expressed in the pituitary gland (Dyer et al., 1997; Zamorano et al., 1997) but the the cell types in which it is localized have not yet been identified. Roh et al. (in press) have shown that leptin stimulates basal GH secretion but inhibits growth hormone-releasing factor-stimulated GH secretion from ovine pituitary somatotrophs in culture, providing some indication that this cell type may express the receptor. Yu et al. (1997) have presented evidence that leptin can influence gonadotrophin secretion from acutely prepared rat hemi-pituitaries. It would be interesting to know whether similar results could be obtained with cells that were conditioned in culture, or in animal preparations in which the pituitary gland is isolated from the brain and receives physiological pulsatile GnRH stimulation.
It is most likely that any physiological response to leptin will be the outcome of a variety of actions at different levels. A simplistic representation of this concept is shown (Fig. 3) . One way to reduce the number of variables in the overall equation is to identify all the cell types that contain leptin receptors and then study the various parameters in these cells. It should be remembered that acute excursions in the plasma concentrations of leptin are not seen, for example, after a meal. There are diurnal changes but it seems more likely that concentrations that are maintained over days or weeks will be the most relevant in terms of providing a 'setting' in which a physiological system may work. Therefore, it will be important to study the effects of leptin administered over extended periods rather than observing the effects of a single injection. In this way, the role of leptin will become more clearly elucidated and may be related to the situation that pertains in obesity or extreme reduction in body mass index.
Effects of leptin on the gonads
The short form of the leptin receptor is found in both the ovary (Karlsson et al., 1997) 
Fig. 2. Leptin (L) may regulate appetite and reproduction in a co-ordinated manner, acting on cells that express neuropeptide Y (NPY), endogenous opioid peptides (EOP), melanin-concentrating hormone (MCH), glucagon-like peptide 1 (GLP-1) or galanin (GAL)
, and these neuropeptides could, in turn, act on hypophysiotrophic systems within the hypothalamus. ACTH/βend, adrenocorticotrophic hormone/β-endorphin; AVP, arginine vasopressin; CRF, corticotrophin-releasing factor; GH, growth hormone; GnRH, gonadotrophin-releasing hormone; GRF, growth hormone-releasing factor: PRL, prolactin; SRIF, somatostatin; TRH, thyroid-releasing hormone; TSH, thyroid-stimulating hormone.
cultured bovine thecal cells (Spicer and Francisco, 1998 ) and the insulin-induced production of oestradiol and progesterone from bovine granulosa cells (Spicer and Francisco, 1997) . Zachow and Magoffin (1997) showed an inhibitory effect of leptin on combined insulin-like growth factor I and FSHstimulated oestrogen production from rat granulosa cells. In cultured human granulosa cells, Karlsson et al. (1997) found that leptin inhibited LH-stimulated oestradiol secretion, leading them to suggest that the short form of the receptor acts in a dominant negative manner in the ovary. We are not aware of any published results of effects of leptin on the testis. It remains to be determined whether leptin has a positive or a negative effect on gonadal function in vivo. However, on the basis of available information, it seems that a direct effect of leptin on the gonads cannot explain the advancement of puberty or the restoration of reproductive function in the ob/ob mouse (see below).
Advancement of puberty by leptin treatment
Various studies have demonstrated the importance of leptin in the initiation of puberty in rodents. The majority of genetically obese (ob/ob) male mice and all ob/ob female mice are infertile, probably because of reduced hypothalamic GnRH content and low plasma gonadotrophin concentrations. This infertility can be corrected in both sexes by the administration of leptin (Chehab et al., 1996; Mounzih et al., 1997) , which stimulates the secretion of gonadotrophins, and gonadal function (Barash et al., 1996) . Treatment with recombinant leptin also advances puberty in normal female mice (Chehab et al., 1997) and rats (Cheung et al., 1997b) and allows the onset of puberty in severely foodrestricted rats (Gruaz et al., 1998) . It has been suggested that leptin is the signal that informs the brain that metabolic stores are adequate for the initiation of reproductive function (Chehab et al., 1997) , but there are other possibilities. First, the aforementioned studies do not rule out a direct effect of leptin on the gonads (see above). In spite of indications from other studies that leptin has a negative effect on steroidogenesis, Zamorano et al. (1997) reported that the treatment of ob/ob mice with leptin increases the amount of mRNA for side-chain cleavage enzyme and 17α-hydroxylase, so there may be a stimulatory effect in vivo. Second, leptin may be permissive and not necessarily an initiator of puberty (Cheung et al., 1997b) . In support of this hypothesis, plasma leptin concentrations in monkeys do not change around the onset of puberty (Plant and Durrant, 1997) . Studies of plasma leptin concentrations in humans across the prepubertal years and into early puberty also suggest that leptin may play a facilitatory role in the initiation of puberty (Clayton et al., 1997; Matkovic et al., 1997; Ricardo et al., 1997) , but whether it acts at the brain, the pituitary gland or the gonads is not delineated. A strong case can be made for leptin as a permissive factor in the initiation of puberty.
Relationship of leptin to plasma sex steroid concentrations and acute responses of the reproductive axis to altered nutritional status and leptin production
The feeding of high protein foodstuff to animals causes an acute response in terms of gonadotrophin release, and the use of 'flushing' to improve ovulation rates has long been practised in agriculture. Whether these effects are involved in the secretion of leptin is not clear. There are various examples of an effect of short-term nutritional manipulation on reproductive function. Cameron and colleagues have shown that gonadotrophin secretion is severely compromised in monkeys that miss a meal, but restoration of function occurs immediately upon re-feeding (Cameron and Nobisch, 1991). This acute effect of feeding may be related to leptin production but this remains to be determined. The fasted animals have lowered blood insulin and blood glucose concentrations that are restored with re-feeding, and these could lead to a short-term increase in plasma leptin concentrations. Intragastric infusion of casein and lipids, which does not restore blood glucose concentrations but does restore insulin concentrations, is also able to re-initiate pulsatile LH secretion (Schreihofer et al., 1996) . The stimulation of LH secretion on re-feeding may be due to recognition of the metabolic state of the animal but no particular blood borne factor has been identified. It seems unlikely that this factor is leptin because plasma concentrations in fasted individuals do not increase for a number of hours after re-feeding (Weigle et al., 1997) and the LH response in monkeys occurs earlier than this. Martin et al. (1994) have shown that the feeding of lupin grain, which has high digestible amounts of energy and protein, is able to stimulate gonadotrophin secretion in sheep over a period of 5 days. This is a slower response than is seen in re-fed monkeys and may well be due to stimulation of the GnRH system by leptin.
The relationship between feeding and insulin and leptin production is directly pertinent to the above issues. Insulin stimulates the secretion of leptin by adipocytes but this response is slow. The increase in insulin secretion after feeding does not stimulate leptin production in the short term (Dagogo-Jack et al., 1996) but this occurs over a number of hours. The gradual increase in plasma leptin concentrations that occurs throughout the day and into the evening is consistent with this. Likewise, the nadir that is reached by early morning is consistent with the lack of food intake during the night.
Plasma concentrations of leptin are lower in human males than in females (Ricardo et al., 1997) , perhaps due to the multifarious effects of testosterone in males (Arslanian and Suprasongsin, 1997). Leptin concentrations may vary across the human menstrual cycle, reaching peak values during the luteal phase (Hardie et al., 1997) . A profound increase in plasma leptin concentrations is seen during pregnancy (Hardie et al., 1997 ) and this appears to be due to the production of leptin by the placenta (Masuzaki et al., 1997) and may be related to the well-being of the fetus. There does not appear to be any placental production of leptin in mice, even though plasma concentrations increase during pregnancy due to increased production by adipose tissue (Kawai et al., 1997; Tomimatsu et al., 1997) .
Important points to consider

Effects on appetite versus effects of leptin
Since reduced food intake will compromise reproduction and leptin reduces food intake, it is important to delineate these two effects. If leptin acts as a messenger of metabolic status and stimulates the onset of puberty, how is this reconciled with its appetite-reducing properties? It is quite possible that some of its functions are achieved at concentrations below those required for appetite reduction. Careful studies need to be conducted in which the effects of leptin are examined at doses below those that reduce food intake.
Season
There is a distinct seasonal appetite cycle in most species (Forbes, 1982) . Studies need to be performed that investigate whether the effects of leptin are different at different times of the year and whether there are seasonal alterations in the expression of appetite-regulating peptides within the hypothalamus.
Effects of steroids
Steroids are known to influence the expression of peptides within the hypothalamus that affect both reproduction and appetite. For example, expression of NPY is increased by the treatment of castrated male rats with testosterone (Sahu et al., 1992) and decreased by the treatment of ovariectomized female rats with oestrogen (Baskin et al., 1995) . Since NPY is thought to be central to the regulation of appetite, the steroid status of the animal will be important with respect to the effects of leptin either on appetite or reproduction. Indeed, Bennett et al. (1998) suggest that oestrogen can influence the response to leptin by altering the ratio of the short and long forms of the receptor in the central nervous system.
Insulin-induced hypoglycaemia reduces LH secretion in intact or ovariectomized, oestrogen-treated monkeys but has no effect in ovariectomized monkeys (Chen et al., 1992) . Whether this relates to an altered expression of appetite-regulating peptides in the brain with different steroidal background is not known. Bronson (1985) has pointed out that rodents carry very little body fat and that a short period of fasting can have a profound effect on their metabolism that leads to a very rapid shut-down of their reproductive function. However, human females have ideally 22% bodyfat (for review, see Yen, in press) and fasting may not have such severe short-term consequences. Ruminants, such as sheep, are able to experience substantial undernutrition and yet maintain plasma glucose and insulin concentrations and not compromise gonadotrophin secretion. Harris et al. (1998) reported that ob/ob mice are more sensitive to leptin than are lean mice for a wide range of parameters. These are important points to consider when the influence of bodyweight and metabolic status on the reproductive axis are examined, and extrapolation of results in rodent models to humans may not be valid.
Differences between and within species
Even within species there are significant factors to consider. Adam et al. (1998) examined the effect of undernutrition on the onset of puberty in a primitive breed of sheep (Soay) compared with an improved breed. Restricted nutrition influenced the onset of puberty in the improved breed but not in the Soay, leading to speculation that leptin plays a more substantial role in the initiation of puberty in the improved breed.
Conclusions
Since leptin was identified as a satiety factor, a substantial volume of literature has appeared on its role in the regulation of appetite and various other functions. On the basis of receptor localization and cellular responses, there is good evidence that leptin acts within the hypothalamus. Although it is an attractive notion that leptin interacts with the neuroendocrine system to signal metabolic status to the hypothalamic and pituitary cells that regulate reproduction, much work needs to be done to substantiate this hypothesis. Well performed work in vivo needs to be carried out to determine the effects on GnRH secretion in various physiological settings, and the possibility of a direct effect on pituitary gonadotrophs needs to be carefully considered. Effects on the gonads are possible but, once again, further work in vivo is required to examine this in more detail. To date, most studies have indicated negative effects on gonadal function. A wide range of factors (for example, species, season, metabolic status and steroidal status) need to be considered in the conduct of such experiments. There is very little indication that leptin acts in an acute manner to regulate reproduction in the short term and it seems more likely that leptin is a 'barometer' of body condition, signalling to the brain. In this way, leptin may be a permissive factor with respect to the onset of puberty.
